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A. J. Castro-Tirado2,19, S. Zhang10, B.-Y. Yu10, Y.-Y. Cao10, E.-W. Liang14
Double neutron star (DNS) merger events are promosing candidates of short Gamma-ray Burst
(sGRB) progenitors as well as high-frequecy gravitational wave (GW) emitters. On August 17, 2017,
such a coinciding event was detected by both the LIGO-Virgo gravitational wave detector network
as GW170817 and Gamma-Ray Monitor on board NASA’s Fermi Space Telescope as GRB 170817A.
Here we show that the fluence and spectral peak energy of this sGRB fall into the lower portion of
the distributions of known sGRBs. Its peak isotropic luminosity is abnormally low. The estimated
event rate density above this luminosity is at least 190+440−160Gpc
−3 yr−1, which is close to but still below
the DNS merger event rate density. This event likely originates from a structured jet viewed from a
large viewing angle. There are similar faint soft GRBs in the Fermi archival data, a small fraction of
which might belong to this new population of nearby, low-luminosity sGRBs.
Short-duration gamma-ray bursts have long been proposed to be produced in systems involving the coalescence of
double neutron stars (DNS) [1], and the observations of sGRB afterglows and host galaxies are consistent with such a
conjecture [2–4]. Based on the estimated event rate density derived from previously observed sGRBs at cosmological
distances [5, 6], the chance of detecting a sGRB within a small volume for detectable DNS mergers by advanced LIGO
is very low [7]. Thus GRB 170817A[9]/GW 170817[70], as the first event in history showing a GRB associated with a
gravitation wave signal from a compact binary merger, provides an unique opportunity to study its event rate, merger
product and implications of the GRB physics.
In this work, we perform a comprehensive analysis on GRB 170817A, mainly focusing on its prompt emission data
in γ-ray energy band. Taking NGC 4993 as its host galaxy[13] we find that its luminosity is abnormally low. We
calculate the event rate of such sGRB event rate density and perform a comparison between such rate density and
the NS-NS merger event rate density. We also discuss the possible jet geometries, the physical implication of the time
delay between GW signal and GRB signal and the possible merger products of the event.
RESULTS
Light curve structure. GRB 170817A (Fermi Trigger number 170817529) triggered Fermi GBM (8 keV - 40 MeV)
[14] at T0=12:41:06.474598 UT on 17 August 2017 [9]. We process the public Fermi/GBM data using the procedure
as described in [52]. We selected two GBM/NaI detectors, n1 and n2, on board Fermi that are in good geometric
configurations (e.g., angle < 60 deg) with respect to the source position. By extracting the photon events from the
Time-Tagged Event (TTE) data detected by these two detectors, we noticed that a sharp peak is present in the light
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Figure 1: Signal detection from the Fermi GBM Time-Tagged Event (TTE) data of GRB 170817A. a: the observed count
map; b: the count map in a background region. c: the background-subtracted count map along with the 15-350 keV light
curve. The contour lines represent the levels of signal-to-noise ratio.
3TABLE I: Properties of GRB 170817A.
total spanning duration (s) ∼2.05
spectral peak energy (first peak) Ep (keV) 149.1
+229.4
−24.2
total fluence (erg cm−2) 2.24+3.51−0.53 × 10−7
spectral lag (25-50 keV vs 50-100 keV ) 0.03± 0.05 s
redshift z ∼ 0.009
luminosity distance DL (Mpc) 39.472
total isotropic energy Eiso (erg) 4.17
+6.54
−0.99 × 1046
peak luminosity Liso (erg s
−1) 1.6+2.5−0.4 × 1047
curve between T0 − 0.26 s and T0 + 0.57 s with a signal-to-noise ratio (S/N) > 5 (Methods). Such a signal is clearly
identified in the 2-D count map presented in Figure 1. A weaker tail, which is also significant above the background
with S/N> 5, appears between T0 + 0.95 s and T0 + 1.79 s. The total span of GRB 170817A is about 2.05 s with
a 0.38 s-gap consistent with the background. The burst was also detected in the data of the SPI Anti-Coincidence
System (ACS) on-board International Gamma-Ray Astrophysics Laboratory (INTEGRAL)[12]. We download the
pre-binned (50-ms bin) SPI-ACS light curve from http://isdc.unige.ch/Soft/ibas/ibas acs web.cgi, which is derived
from 91 independent detectors with different lower energy thresholds (from 60 to 120 keV) and an upper threshold
of ∼ 10 MeV. The multi-channel GBM light curves and the SPI-ACS light curves are presented in Supplementary
Figure 1. We performed an extended search for signals before and after the burst using GBM data and no significant
emission was found (Supplementary Note 5; Supplementary Figure 9& 10).
Spectral analysis. We first extract the time integrated spectrum in the first peak region (i.e., from T0 − 0.26 to
T0 + 0.57 s). We select the NaI detectors n1 & n2 and BGO detector b0. The total number of photon counts is
significantly above the background counts in NaI detectors (Supplementary Figure 11). We used a software package
developed by the first author, McSpecFit[10], to perform spectral fitting. The energy channels at and around the
iodine K-edge at 33.17 keV[11] were excluded to better assess the quality of the fitting of spectral models. We find
that the net spectrum can be successfully fitted by a power law function with an exponential high-energy cutoff
(hereafter, cutoff power law or CPL model) with the goodness of statistics PGSTAT= 252.7 and degree of freedom
DOF =351 (Supplementary Note 1). The power law index is -0.61+0.34−0.60 and the cutoff energy, parameterized as Ep,
is 149.1+229.4−24.2 keV. The corresponding average flux in this time interval is 2.19
+3.76
−0.62 × 10−7 erg cm−2 s−1 between
10 keV and 10 MeV. The fluence is 1.81+3.11−0.51 × 10−7 erg cm−2. For the second peak between T0 + 0.95 s and
T0 + 1.79 s, we find that the net spectrum can be preferably fitted by a blackbody model with kT = 11.3
+3.8
−2.4 keV
(PGSTAT/dof=236.4/352) although we cannot rule out its non-thermal origin due to the large uncertainty of the
lower spectral index when fitted by a cutoff-PL model (Supplementary Table 1). The corresponding average flux in
this time interval is 5.2+4.7−2.4 × 10−8 erg cm−2 s−1 between 10 keV and 10 MeV. The fluence in the same energy range
is 4.33+3.95−1.99×10−8erg cm−2. Including both peaks, the total fluence is 2.24+3.51−0.53×10−7erg cm−2, corresponding to an
isotropic energy of 4.17+6.54−0.99× 1046 erg. Using a 50 ms time resolution light curve, the peak luminosity at T0 ' −0.07
s is derived as 1.6+2.5−0.4 × 1047erg s−1. The best-fit parameters are presented in Supplementary Table I. The spectral
fitting plots as well as the parameter constraints are presented in Supplementary Figures 2-4. No significant spectral
evolution is observed (Supplementary Figure 5).
Spectral lag analysis. Using the Cross Correlation Function (CCF) method, we also calculate the spectral lag of
the GRB between (25-50) keV and (50-100) keV, which is 0.03± 0.05 s, consistent with zero. This is consistent with
the spectral lag distribution of sGRBs [16].
Comparison with other GRBs. With the observed and derivative properties summarized in Table I, one can
compare GRB 170817A with other sGRBs. The following samples extracted from the Fermi/GBM catalog [17] are
considered for comparison: a. the long GRB sample with Ep measured (1679 GRBs); b. the short GRB sample
(T90 < 2 s) with Ep measured (317 GRBs); and c. the short GRB sample with S/N < 6 and Ep measured (66 “faint
& short” GRBs). The latter is the faint sGRB sample to which GRB 170817A belongs (Supplementary Note 2 &
Supplementary Figure 6).
We first compare the observed properties of GRB 170817A with other GRBs. Figure S5 upper panel is the standard
T90−HR (hardness ratio) plot for GRBs. One can see that GRB 170817A falls in the boundary between short and
long GRB populations. Since evidence has suggested that majority of sGRBs are consistent with the compact star
merger origin, GRB 170817A, being associated with GW170817, belongs to the long and soft regime of this population.
Figure S5 lower panel compares GRB 170817A and other GRBs in the fluence vs. Ep diagram. GRB 170817A seems
4to lie far away from the majority of the long GRBs. Based on γ-ray information only, this burst would be more
likely regarded as one of those normal (but faint and soft) short GRBs if there were no gravitational wave trigger.
Comparing the host galaxy NGC 4993 of GRB 170817A with the host galaxies of other sGRBs [3, 37], we find that
NGC 4993 falls into the distribution of sGRB hosts in terms of half-light radius, stellar mass, and afterglow offset
from the host galaxy (Supplementary Note 3; Supplementary Figure 7).
We next investigate the intrinsic property of the burst. Taking into the very small distance DL ∼ 40 Mpc of
the host galaxy NGC 4993 [19], this burst is abnormally low in terms of luminosity and energy (throughout the
paper, luminosity and energy are the isotropic-equivalent ones). The peak isotropic luminosity with 50 ms bin size
is 1.6+2.5−0.4 × 1047 erg s−1, and the isotropic energy is Eiso = 4.17+6.54−0.99 × 1046 erg. Such low-luminosity sGRBs have
never been observed before. Plotting it onto the intrinsic peak energy Ep,z = Ep(1+z) vs. isotropic energy Eiso plane
[20, 21], we find that it is within the 2σ of the track of the sGRB population, but slightly deviates from the 1σ region
of the track into the hard regime even if its Ep error in included (Figure 3). The burst would be more normal if its
isotropic luminosity were somewhat higher.
Event rate density of the 170817A-like GRBs. Based on previously known sGRBs, the event rate density (also
called volumetric event rate) of sGRBs above then-minimum luminosity (∼ 1050 erg s−1) is a few Gpc−3yr−1 [5, 6].
For example, for a Gaussian distribution of the merger delay time [22], the event rate density of sGRBs is 4.2+1.3−1.0
Gpc−3yr−1 above 7× 1049 erg s−1 [6]. This was significantly lower than the estimated DNS merger event rate density
([70], see below). The discrepancy may be removed if one considers the beaming correction of sGRBs within the
top-hat uniform jet model. Using the beaming factor fb ∼ 0.04 inferred from the sparse sGRB jet break data collected
in the past [23], the beaming-corrected event rate density (counting for sGRBs not beaming towards us) was ∼ 100
Gpc−3yr−1. With the detection of GRB 170817A, the distribution of the sGRB isotropic peak luminosity extended
down by ∼ three orders of magnitude. The revised event rate density of sGRB above 1.6 × 1047 erg s−1 becomes
(Methods)
ρ0,sGRB(Liso > 1.6× 1047erg s−1) = 190+440−160 Gpc−3 yr−1 (1)
if one assumes only one such event within the GBM archives. This is comparable to (or somewhat higher than) the
previously-derived beaming-corrected sGRB event rate density, but could be still up to a factor of a few smaller than
the DNS merger event rate density derived based on the detection of GW 170817A [70], which is (Methods)
ρ0,DNS = 1100
+2500
−910 Gpc
−3 yr−1. (2)
Figure 4 upper panel shows the sGRB event rate density as a function of luminosity threshold. The black power-law
(PL) line with an index −0.7 was derived from the Swift sGRBs (black crosses with error included, peak luminosity
derived with 64 ms time bin) with redshift measurements [6]. GRB 170817A (orange) extends the sGRB luminosity by
three orders of magnitude in the low-Liso regime. Interestingly, the revised event rate density above 1.6×1047 erg s−1
follows the extension of the PL distribution derived by [6]. If one considers that there might be some sGRBs similar
to GRB 170817A hidden in the GBM archives, the true event rate density could be higher, but has to be limited by
the DNS merger event rate density (blue symbol). In Figure 4 lower panel, we derive a new sGRB luminosity function
across a wide range of luminosity, which is consistent with the extrapolation of the previous results that show a power
law with L−1.7iso [6].
DISCUSSION
There are in principle two possibilities to produce a low-luminosity sGRB from an DNS merger. The first possibility
is a bright sGRB jet viewed off-axis. Within this picture, the main jet (similar to the one observed from a more distant
sGRB) beams towards a different direction. However, within such a scenario, one cannot have a sharp-edge conical jet
viewed outside the jet cone. This is because the observed duration would be longer than the central engine activity
time scale, inconsistent with its typical sGRB duration (Supplementary Note 6). Rather, one requires a structured jet
viewed from a large wing [42, 43] with emission powered by the low-luminosity wind along the line of sight. Within
the sGRB context, such a jet configuration has been discussed in terms of a jet-cocoon geometry [44, 45]. A viewing
angle θv ≤ 28o (or ≤ 36o depending on the assumed value of the Hubble constant [32]) has been inferred from the
gravitational wave data. This is consistent with such a scenario. The second possibility is that the outflow of GRB
170817A may have an intrinsically low luminosity. However, the late rise of X-ray and radio flux [40, 41] from the
source suggests that the total energy budget of the source is higher. It disfavors this second possibility but favors the
off-axis structured jet scenario (Supplementary Note 9).
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Figure 2: Comparisons between GRB 170817A and other GRBs. a: A comparison between GRB 170817A and other Fermi
long and short GRBs in the T90−HR diagram. The hardness ration (HR) is defined as ratio of the observed counts in 50-100
keV band compared to the counts in the 25-50 keV band within the T90 region. b: GRB 170817A in the fluence vs Ep diagram
against other sGRBs.
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Figure 3: GRB 170817A in the Ep-Eiso correlation diagram.The solid lines are the best fit correlations: logEp/(1 + z) =
(3.24± 0.07) + (0.54± 0.04)log(Eiso/1052) for short GRBs, logEp/(1 + z) = (2.22± 0.03) + (0.47± 0.03)log(Eiso/1052) for long
GRBs. Red dashed line represents GRB 170817A position if it were in different redshifts ranging from 0.009 to 3. All error
bars represent 1-σ uncertainties.
The short duration of the burst is consistent with a prompt black hole or a hyper-massive neutron star that survived
for a short (e.g. ∼ 100 ms) period of time before collapsing to a black hole. We conduct a search of precursor or
extended emission before and after the GRB trigger time and give a negative result (Supplementary Note 5). Even
though the possibility of a long-live post-merger neutron star product cannot be ruled out from the GW [47] and EM
data, our non-detection of extended γ-ray emission is consistent with a BH post-merger product (Supplementary Note
7).
The merger time of the gravitational wave signal is at TGW=12:41:04.430±0.002 UTC on 17 August 2017 (GPS time
TGW= 1187008882.430±0.002 s)[32]. The beginning time of GRB 170817A (∼ −0.3 s with respect to the Fermi/GBM
trigger time T0=12:41:06.474598 UT on 17 August 2017[9]) has a ∼ 1.7 s delay with respect to the merger time. It is
intriguing that this delay time scale has the same order as the burst duration itself. Such a delay offers a diagnostic
of the emission site and energy dissipation process of GRBs. In particular, a scenario that invokes a magnetized jet
dissipating in an optically thin region can interpret both time scales simultaneously without introducing an ad hoc
jet-launching delay time as most other models do (Supplementary Note 8).
Assuming a standard radiative efficiency and standard shock microphysics parameters, the low isotropic energy of
GRB 170817A suggests that the multi-wavelength afterglows of the burst should be very faint (Supplementary Note
6). We used the Javier Gorosabel 0.6m robotic telescope at the BOOTES-5 station at Observatorio Nacional de San
Pedro Martir (Mexico) to image the 15 galaxies in the GLADE Catalogue starting on Aug 18.21 UT. The optical
counterpart (SSS17a) of GW 170817 was detected in the outskirts of the NGC 4993 galaxy, with a magnitude R =
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Figure 4: Distributions of local event rate density and luminosity function. a: The local event rate density distribution of
sGRBs including GRB 170817A. The orange symbol with error denotes the event rate density derived from GRB 170817A and
the blue symbol with error denotes the DNS merger event rate density derived from GW170817. The black power-law line
and other data points were derived from the Swift sGRB sample [6]. The vertical error bar represents the 1σ Gaussian errors
derived from [24]. b: Luminosity function distribution of sGRBs including GRB 170817A, with labels same as the upper panel.
All error bars represent 1-σ uncertainties.
18.20 ± 0.45, in agreement with other contemporaneous measurements. This is much brighter than the predicted flux
of optical afterglow. As a result, this optical transient originates from a quasi-thermal kilonova [65, 67], as suggested
by independent modeling of many authors (e.g. [35]).
Within the Fermi GBM soft faint sGRB sample, there might be at most GRB 170817A-like events limited by the
DNS merger rate. Some short, faint sGRB events are presented in Supplementary Figure 6. However, identifying
them turns out difficult without gravitational wave detections (Supplementary Note 10).
8METHODS
Determine GRB Duration Using 2-D Energy vs. Time Count Map. The GRB duration is usually defined
by T90, which is the time span over which 5% to 95% of its total measured counts are measured [17]. The calculation
of T90 is subject to the selection of energy band, the bin-size as well as the assumption of the model background
(e.g. a 2nd or 3rd order polynomial function) of the GRB light curve. To minimize such an artificial effect for a faint
GRB like GRB 170817A, we utilize the 2-D count map of the photon energy and photon arrival time directly from
the Fermi/GBM Time-Tagged Event (TTE) data and calculate the GRB duration. Our procedure is the following:
(1) select the source region between the time interval [t1, t2] that includes the GRB signal. For GRB 170817A, [t1,t2]
= [-1,3]. (2) Select all the photon events between [t1,t2] in the Fermi/GBM Time-Tagged Event (TTE) data. Note
the selected data are a list of [time, energy] pairs. (3) Convert time versus energy pairs to 2-D points in the time
versus energy plot, then use Kernel Density Estimation (KDE) to plot a 2-D source count map in the time vs. energy
plot. This is the top panel in Figure 1. (4) Select two background regions [t3, t4] and [t5,t6] that are before and after
the burst region. For GRB 170817A, [t3, t4] = [-10,-2.] and [t5,t6]= [5,10]. Repeat steps (2) and (3) to get two 2-D
count maps for the pre-burst and after-burst backgrounds. (5) Perform interpolation between those two background
count maps to calculate the source-normalized background count map within [t1, t2] (middle panel of figure 2). Such
a normalized and interpolated background within the source region can be used to calculate the standard derivation
(STD) of the background. (6) Subtract the background count map from the source count map to get the net count
map (bottom panel of Figure 1). For each bin in the count map, define its signal-to-noise ratio as S/N = ( net count
) / STD. Overplotting the S/N = 1, 3, 5 in the net count map, we then define the burst duration region as where
S/N ≥ 5.0 is satisfied.
sGRB event rate density. The abnormally low luminosity and extremely small distance of GRB 170817A suggest
that the actual event rate density of short GRBs is large. With one detection, one can estimate the local event rate
density ρ0,sGRB of short GRBs through
NsGRB =
ΩGBMTGBM
4pi
ρ0,sGRBVmax = 1. (3)
The field of view of GBM is approximatively taken as full sky with ΩGBM ' 4pi. The working time of GBM is taken
since 2008 with a duty cycle of ∼ 50%, so that TGBM ' 4.5yrs. The maximum volume a telescope can detect for
this low luminosity event is Vmax = 4piD
3
L,max/3. We simulate a set of pseudo-GRBs by placing GRB 170817A to
progressively larger distances, and find that the signal would not be detectable at 65 Mpc (Supplementary Note 4;
Supplementary Figure 8). Taking this distance as DL,max, we derive the event rate density of sGRBs [6]
ρ0,sGRB(Liso > 1.6× 1047erg s−1) = 190+440−160 Gpc−3 yr−1 (4)
assuming only one such sGRB exists in the GBM archives. This number may be regarded as a lower limit if in reality
there are other hidden ones.
The event rate density of DNS mergers may be also estimated based on one detection by aLIGO during O1 and
O2. Since only one DNS merger event was detected [70], one may write
NDNS =
ΩLVC
4pi
ρ0,DNS(Vmax,O1TO1 + Vmax,O2TO2) = 1. (5)
Noticing Ω = 4pi for GW detectors, taking DNS merger horizon ∼ 60 Mpc and ∼ 80 Mpc for O1 and O2, respectively,
and adopting a duty cycle of ∼ 40% for both O1 and O2, we estimate
ρ0,DNS = 1100
+2500
−910 Gpc
−3 yr−1. (6)
This is consistent with the DNS merger event rate density derived by the LIGO-VIRGO team using more sophisticated
simulations [70].
The error bars in both Equations 4 and 6 show the 1σ Gaussian errors derived from [24] by taking only one
observational event into account. Comparing the two equations, one can see that even though the sGRB rate density
may be consistent with the DNS merger rate density, it can be smaller than the latter by up to a factor of a few.
This either suggests that there might be even less luminous sGRBs than GRB 170817A, or there might be GRB
170817A-like sGRBs hidden in the GBM archives. The number of these events is at most a few.
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TABLE S1: Spectral Fitting Results of GRB 170817A
Time Cutoff Power-Law Fitting Power-Law Fitting Blackbody Fitting Model Comparison
t1 ∼ t2 (s) α Ep (keV) PGSTATdof BIC α
PGSTAT
dof
BIC kT (keV) PGSTAT
dof
BIC BICpl - BICcpl BICbb - BICcpl
-0.26 ∼ 0.57 -0.61+0.34−0.60 149.1
+229.4
−24.2 252.7/351 270.29 -1.61
+0.09
−0.13 261.9/352 273.68 29.0
+10.5
−8.5 261.1/352 272.83 3.38 2.53
-0.3 ∼ 0.05 0.07+0.72−0.92 147.9
+160.7
−28.4 237.1/352 254.70 -1.65
+0.12
−0.44 248.0/352 259.71 34.6
+13.6
−7.3 238.2/352 249.89 5.01 -4.8
0.05 ∼ 0.4 -0.78+1.01−0.84 62.4
+77.5
−21.8 209.1/351 226.77 -2.12
+0.22
−0.52 211.9/352 223.66 10.5
+12.2
−2.1 211.2/352 222.97 -3.11 -3.79
0.95 ∼ 1.79 2.65+0.23−3.66 42.5
+28.2
−11.1 236.3/351 253.90 -2.27
+0.63
−2.86 241.4 /352 253.19 11.3
+3.85
−2.36 236.35/352 248.09 -0.72 -5.81
Supplementary Information
Supplementary Note 1. Detailed light curves and spectral fit to GRB 170817A
The multi-channel light curves observed by Fermi/GBM and INTEGRAL/SPI-ACS is presented in Supplementary
Figure S1.
As discussed in the main text, a cutoff power law presents an adequate fit to the spectral data. The best fitting
result for the time interval (T0-0.26,T0+0.57) is presented in Supplementary Figure S2. We noticed that a simple
power law model can also fit the data with a power law index -1.61+0.09−0.13 and PGSTAT/dof 261.9/352. To check
whether the cutoff power law fit is overfitting (since it has one extra parameter), we employ a Bayesian information
criterion (BIC) [36] to check its statistical confidence. As shown in Supplementary Table S1, the comparison of the
two models leads to ∆BIC =3.38 (cutoff power law model has the lower BIC). As suggested by [36], such a ∆BIC value
indicates positive evidence against the model with a higher BIC (Power Law model in this case). So we favorably
choose the cutoff power law model throughout our analysis.
We also compare the fits between the blackbody (BB) model and the CPL model. For the time-integrated spectral
fitting, according to BIC, the BB model is less preferred to fit the observed spectra. We also notice the best-fit low
energy photon index −0.66 in the CPL model is too soft to match the blackbody value (+1).
According to BIC, the weaker emission between 0.95 s and 1.79 s is favorably fitted by the BB model with kT =
11.3+3.85−2.36 keV. The best fitting result of this time interval is presented in Supplementary Figure S3.
Due to the low number of photon counts and short duration, the finest bin size we are able to perform a time-
resolved spectral analysis is around 0.2-0.3 s, below which the spectral parameters become unconstrained. We select
the brightest region between T0 − 0.3 s and T0 + 0.4 s in the first peak, divide it into two equal slices, and perform
the time-dependent spectral analysis on them. We present the spectral evolution properties in Supplementary Table
S1 and Supplementary Figure S4. Our analysis suggests that there are indeed some spectral differences between the
two slices.
Supplementary Note 2. Definition of The Faint Short GRB Sample
In Supplementary Figure 6, we plot all the Fermi GBM short GRBs in terms of their signal-to-noise ratio (S/N),
fluence, and Ep. The bin where GRB 170817A is located in is marked as the red dashed vertical line. The sample to
the left of the line in the S/N plot is defined as the faint sGRB sample. We plot some examples of the light curves of
this sample in Supplementary Figure S6.
Supplementary Note 3. NGC 4993 as a sGRB host
The host galaxy NGC 4993 of GRB 170817A is an elliptical galaxy in the constellation Hydra. In Supplementary
Figure S7 left panel we plot the half light radius R50 and stellar mass M∗ of NGC 4933 against those of other short
GRBs ([37] and references therein). It is found that NGC 4933 falls in the middle of the distributions and can be
regarded as a typical short GRB host. The optical transient SSS17a has a projected distance of 10.6” from the center of
NGC 4993. We plot the physical and normalized offset of this event and compare it with other sGRBs (Supplementary
Figure S7 right panel). Again, it is consistent with other sGRBs.
Supplementary Note 4. The maximum detectable distance of GRB 170817A
In order to check at what distance GRB 170817A will become undetectable, we simulate several light curves in
15-350 keV by placing the burst at progressively larger distances from 45 to 80 Mpc. The background level is assumed
to be unchanged. The source count rate is assumed to scale as D−2L . A 1-σ Poisson noise was added in each simulation.
Our simulation suggests that the burst would become hardly detected at DL ' 65 Mpc (Supplementary Figure S8).
We therefore adopt this value as DL,max to estimate the event rate density of GRB 170817A-like GRBs.
Supplementary Note 5. Amplitude parameter and possible underlying emission
The authors of Ref. [38] defined an amplitude parameter f , which is the ratio between the peak flux and average
background flux of a burst. They found that the f parameter can be used to search for disguised short GRBs due to
the “tip-of-iceberg” effect. Arbitrarily raising the background flux, one can always reduce the duration of a long GRB
until its measured duration is shorter than 2 s. The amplitude parameter for such a pseudo GRB was defined as feff in
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Figure S1: Multi-Channel Light Curves observed by Fermi/GBM and INTEGRAL/SPI-ACS. The two vertical dashed lines
indicate the S/N>5 region as shown in Figure 1.
[38]. Comparing the f values of short GRBs and feff values of long GRBs, [38] found that most short GRBs have an
f value that is large enough (say, above 2) so that they are genuine. Performing the same analysis to GRB 170817A,
we find that its amplitude parameter is relatively small, i.e. f ∼ 1.43. As shown in Supplementary Figure S9, this
value (red star) is smaller than most short GRBs, and may be confused as a disguised sGRB. The probability (p) for
it to be a disguised sGRB is p ∼ 0.17 according to the p− f relation derived by [38]. The probability that this burst
is an intrinsically short GRB is higher than being a disguised sGRB. Nonetheless, the probability that the intrinsic
duration is long is not negligible. One cannot rule out the possibility that there is an underlying, weak, long-duration
emission component below the background. In order to search for a possible signal before and after the burst, we
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Figure S2: Spectral fitting result for the interval (T0− 0.26, T0 + 0.57). a: count spectrum. b: de-convolved photon spectrum.
c: parameter likelihood map. All error bars represent 1-σ uncertainties.
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perform a detailed spectral analysis in the following time intervals: -2.0 ∼ -1.4, -1.4 ∼ -0.8 , 4.0 ∼ 13.2 , 13.2 ∼ 22.4,
22.4 ∼ 31.6, 31.6 ∼ 40.8, and 40.8 ∼ 50.0 seconds. We did not find any significant emission above the background
in any of these time intervals and the spectral fitting performed in these intervals simply give overfit/unconstrained
parameters.
Supplementary Note 6. Off-axis model
For a uniform jet with a sharp edge viewed outside the jet cone, the observed duration is different from the observed
duration of an on-beam observer, given the same central engine activity time scale. The ratio between the two times
reads [39]
t(off − beam)
t(on− beam) =
D(θ = 0)
D(θ = θv − θj) =
1− β cos(θv − θj)
1− β , (7)
where θj is the jet opening angle, θv is the viewing angle from the jet axis, D = 1/Γ(1−β cos θ) is the Doppler factor,
β is the dimensionless velocity, Γ is the Lorentz factor, and θ is the angle from the line-of-sight. Since the on-beam
Doppler factor can be much larger than the off-beam one, the off-beam duration can be much longer than the on-beam
on. The observed ∼ 2.05 s duration falls into the distribution of sGRBs. This limits the possible viewing angle of
the top-hat model to be at most slightly outside the jet cone. This would suggest that the on-beam luminosity not
much brighter than the observed luminosity. This is in conflict with the late time X-ray [40] and radio [41] data,
which require significant energetics in the jet axis direction. We therefore conclude that the top-hat jet model viewed
outside the jet cone is disfavored by the data.
A more reasonable model invokes a structured jet with angle-dependent isotropic luminosity, with the line of sight
piecing through a low-luminosity wing of the jet along which there still exists a relativistic outflow towards the observer.
The luminosity structure of the jet can be a simple function (e.g. power law or Gaussian) of the polar angle θ [42, 43]
16
Figure S5: The Fermi GBM short GRB histograms in terms of S/N ratio distribution, fluence distribution, and Ep distribution.
The vertical red lines indicate the values for GRB 170817A.
17
Figure S6: Light curve examples for other GRB 170817A-like events.
or a more complicated function (e.g. two or more components. Within the NS-NS merger scenario, a two-component
scenario may be relevant, which invokes a narrow jet beam and a surrounding cocoon material formed to as the jet
penetrates through the surrounding dynamical ejecta [44, 45]. In any case, the observed duration in a structured jet
scenario is defined either by the central engine activity time scale, or the time scale during which the ejecta radiates,
similar to the on-beam case. Invoking a structured jet viewed at a large angle from the jet axis (where the luminosity
and bulk Lorentz factor may be both low), one can naturally interprets the duration and low-luminosity of the burst
as well as the delayed onset of X-ray and radio emission from the source (e.g. [46]).
Supplementary Note 7. Merger product
The null result of our search for precursor and extended emission before and after the sGRB 170817A is consistent
with a BH central engine. Since GW and EM data cannot rule out the possibility of a long-lived neutron star product
(e.g. [47]), one may use the available data to constrain the parameter of the underlying NS. Neglecting gravitational
wave spindown, the initial dipole spindown luminosity (e.g. [48]) Lsd = 10
47 erg s−1(B2p,14P
−4
0,−3R
6
6) can be constrained
18
Figure S7: Top: A comparison of the half light radius R50 and stellar mass M∗ [69] between GRB 170817A and other sGRBs.
Bottom: A comparison of the physical offset Roff and normalized offset Roff/R50 between GRB 170817A and other sGRBs.
The dots indicates sGRBs in [37]. The orange star presents NGC 4993, which falls well into the distributions of the sGRB host
galaxy properties.
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Figure S8: GRB 170817A and simulated bursts by placing it at different distances. A 1-σ Poisson noise was added for each
simulation. At 65 Mpc, the burst becomes not detectable.
by the sGRB luminosity itself. Here Bp is the surface magnetic field at the polar region, P0 is the initial rotation
period, and R is the radius of the pulsar, and the convention Q = 10nQn has been adopted in cgs units. Writing
Lγ = ηγLsd where ηγ is an efficiency parameter, in order to satisfy the luminosity constraint, the pulsar needs to
have a magnetic field strength Bp < 7.3 × 1013G P 20,−3η−1/2γ . On the other hand, the energy budget of the kilonova
and afterglow places a significant limit on the total energy budget of the neutron star. The product has to be either
rotating very slowly (which is inconsistent with the expectation of a merger), or has a very low magnetic field together
with significant gravitational wave loss more than previously estimated [49, 50] (see a detailed analysis by [51]). We
therefore suggest that a long-lived neutron star product is less preferred than a BH post-merger product.
Supplementary Note 8. Delay time between the γ-ray event and the gravitational wave event
The merger time derived from the GW signal is TGW=12:41:04.4 UTC on 17 August 2017[70], which leads the
GRB beginning time by ∆t ' 1.7 s. This delay poses interesting constraints on the GRB emission models.
For a merger that produces a BH, a jet is likely launched promptly after the merger. This is certainly the case for
a prompt BH formation, but would also likely be the case even if there is a short hypermassive neutron star (NS)
phase. Even if the system would hold on launching the jet (say, by ∆tjet), the time scale for a hypermassive NS is
typically much shorter than 1.7 s (e.g. 100 ms).
The BH accretion time scale is short. The fall-back time reads
tfb ' 2
(
R3out
GM•
)1/2
, (8)
where Rout is the outer edge of disk. Usually, we assume the accretion begins at Rout ' 2RT, where RT is the tidal
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Figure S9: T90 vs. f and feff diagrams of both long and short GRBs taken from [38]. The red solid star is GRB 170817, and
the vertical line is T90 = 2 s. All error bars represent 1-σ uncertainties.
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disruption radius with M•/R3T ∼ 4.2ρNS. One thus finds,
tfb ' 2
(
2
GρNS
)1/2
' 5× 10−4s, (9)
in which we adopt the typical density for neutron star (NS), i.e., ρNS ∼ 4× 1014g cm−3.
A more relevant timescale is the accretion timescale, which may be estimated as
τacc ' tfb
α
' 5× 10−3
( α
0.1
)
s, (10)
where α is the viscosity parameter. One can see that this time scale is still much shorter than the observed delay.
A longer time scale comes from the propagation of the jet before releasing γ-rays. The delay time scale depends
on the distance of the emission region from the central engine. In GRB models, both photosphere emission (which
corresponds to a small radius Rph = LwσT/(8piΓ
3mpc
3) ' (5.9× 1010 cm) L1/2w,47Γ−31 , where Lw = 1047 erg s−1Lw,47
is the wind luminosity, and Γ = 10Γ1 is the Lorentz factor of the flow) and synchrotron radiation from an optically
thin region (RGRB  Rph) have been invoked to interpret GRB emission.
Suppose that the GRB emission occurs at radius RGRB with Lorentz factor Γ, the delay time from the launch of
the jet to GRB emission is tprop ∼ R/2Γ2c [52]. The total delay time of the onset of the GRB with respect to the
GW signal merger time would be
∆t ∼ (tprop + τacc + ∆tjet)(1 + z) ' (τprop + ∆tjet)(1 + z). (11)
An intriguing fact is that the GRB duration T90 ∼ 2 s, which is similar to the delay time scale ∆t ∼ 1.7 s. If one
does not introduce an ad hoc ∆tjet ∼ 1 s by hand (e.g. as invoked in the cocoon breakout model or the photosphere
model [56]), one natural interpretation is that ∆t ∼ tprop ∼ T90 ∼ RGRB/Γ2c. Adopting ∆t = 1.7 s from the data,
the emission radius may be estimated as
RGRB ∼ Γ2ct = 5× 1014cm
(
Γ
100
)2(
∆t
1.7s
)
= 5× 1012cm
(
Γ
10
)2(
∆t
1.7s
)
, (12)
which is usually much greater than the photosphere radius Rph. The photosphere emission may give such a delay if
Γ < 5. However, the temperature of the photosphere emission would be too low to explain the high value of Ep ∼ 158
keV. If the emission is not from the photosphere, then the photosphere emission has to be suppressed via magnetization
(e.g. [54]). One needs a Poynting flux dominated flow, advected to a large radius before magnetic dissipation happens
(e.g. [55]). As a magnetic bubble penetrates throgh the surrounding cocoon, a jet structure naturally develops. An
observer at a viewing angle θv ∼ 28 deg would observe a low-luminosity GRB with delay time scale comparable to
the duration itself regardless of the unknown values of the Lorentz factor Γ and emission radius R.
Supplementary Note 9. Predicted afterglow properties
The interaction between the jet and its ambient medium could generate a strong external shock, where particles
are believed to be accelerated, giving rise to broad-band afterglow emission [57]. According to standard afterglow
models, the lightcurve for a given observed frequency (e.g. optical frequency νobs) could be calculated as
Ft,νobs = f(t, νobs; z, p, n, e, B , Ek,Γ0), (13)
where Ek is the isotropic kinetic energy of the jet, Γ0 is the initial Lorentz factor of the jet and n is the interstellar
medium (ISM) particle number density. e and B are the electron and magnetic energy fraction parameters, and p
is the electron spectral index.
Based on the total emission energy of the prompt emission and assume a factor of 20% for the γ-ray emission
efficiency, the kinetic energy of the jet Ek can be estimated as 1.83× 1047 erg. For binary neutron star mergers, a low
value for ambient medium density is usually expected, since they tend to have a large offset relative to the center of
its host galaxy. Here we adopt the ambient medium density n as 10−3 cm−3. For a structured jet viewed from a large
angle, the initial Lorentz factor may be low, so we adopt Γ0 = 20. For other parameters, we adopt their commonly
used values in GRB afterglow modeling, i.e., e = 0.1, and p = 2.3 [58, for a review]. The distribution of the B value
is wide, from B = 0.01 to B < 10
−5 [59–63].
We use B = 0.01 to calculate the most optimistic case of afterglow emission. The peak flux of the X-ray light
curve emerges around 2000s, at the level of 10−14 erg/cm2/s. Around 1 day, the X-ray flux will decay to the level
of 10−15 erg/cm2/s, under the detection limit of Swift/XRT. This is consistent with the non-detection result by the
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Swift team [64]. For optical band, the peak of the light curve appears around 2000 s, and the peak flux is 1 µJy (AB
magnitude is 24). Around 1 day, the optical flux decays to the level of 0.01 µJy (AB magnitude is 28). This is much
lower than the observed flux. This suggests that the optical transient detected by multiple groups originates from
the emission of a kilonova [65–68]. The late emergence of the X-ray and radio emission [40, 41] are consistent with
emission from the near-axis powerful jet being decelerated by the ambient medium [46].
Supplementary Note 10. Search for GRB 170817A-like events
Since it is possible that there are other GRB 170817A-like events in the GBM faint sGRB sample, we attempted to
search for these events using the galaxy data. We choose all the faint bursts listed in Supplementary Figure S6, and
look for NGC 4993-like galaxy (with luminosity 3.6×1043 erg s−1) below 80 Mpc within the error boxes of the sGRBs.
Supplementary Figure S10 shows the galaxies (red dots) with luminosity > 1043 erg s−1 (left) and > 3× 1043 erg s−1
(right) compared with sGRB error circles. It is clearly seen that the error circles are too large and typically enclose
many galaxies. So identifying GRB 170817A-like events is difficult without gravitational wave detections.
23
Figure S10: The position error circles of GRB 170817A-like sGRBs in Figure S6 compared with the sky map of galaxies
below 80 Mpc with two different luminosity threshold: > 1043 erg s−1 (top) and > 3× 1043 erg s−1 (bottom). The green color
indicates GRB 170817A.
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Figure S11: Total counts (black) vs background counts (red) in each channel of the GBB NaI detectors in interval -0.26 to
0.57 s. Top: detector n1. The total counts over all the channels is 1048 , the total background counts over all the channels is
862. bottom: detector n2. The total counts over all the channels is 999 , the total background counts over all the channels is
822.
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